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Neurotrophin-4: A Survival Factor
for Adult Sensory Neurons
although 95% of D-hair receptors are missing in mature
NT-4 knockout mice (7 weeks) [6], the number of D-hair
receptors encountered at 2–3 weeks or even later, be-
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Max Delbru¨ck Institute for Molecular Medicine tween 5 and 7 weeks of age, in NT-4 mutants was normal
(Figure 1). Because most NT-3 homozygous knockoutD-13122 Berlin-Buch
Germany mice die at birth, we used NT-3 / mice for functional
analysis of the role of NT-3 in the survival of D-hair
receptors. Whereas D-hair receptors were still present
in normal proportions in NT-4 / mice until 7 weeksSummary
after birth, in 2–3-week-old NT-3/mice, D-hair recep-
tors were already reduced by 40% compared to controlsThe nerve growth factor (NGF) family of neurotrophins
(Figure 1). The magnitude of this loss at 2–3 weeks wasprovides a substantial part of the normal trophic sup-
very similar to that previously described in adultport for sensory neurons during development [1]. Al-
NT-3 / mice [5].though these neurotrophins, which include Brain-
Together these findings suggest that NT-3 is a survivalDerived Neurotrophic Factor (BDNF), Neurotrophin-3
factor for D-hair receptors before the second post-natal(NT-3), and Neurotrophin-4 (NT-4), continue to be ex-
week and that NT-4 alone becomes necessary for sur-pressed into adulthood [2, 3], there is little evidence
vival of D-hair receptors beginning around the 7th weekthat they are survival factors for adult neurons [4]. Here
of life. We excluded the possibility of D-hair receptorswe have examined the age-dependent neurotrophic
being present but having lost mechanosensitivity byrequirements of a specialized type of mechanorecep-
electrophysiologically isolating fibers with an axon intive neuron, called a D-hair receptor, in the dorsal root
the skin (electrical stimulation of the nerve), and weganglion (DRG). Studies using knockout mice have
found that all fibers so isolated in older NT-4 mutantsdemonstrated that the survival of D-hair receptors is
were nociceptive (our unpublished data). To test whendependent upon both NT-3 and NT-4 [5–7]. Here, we
an anatomical loss of presumptive D-hair receptor neu-show that the time period when D-hair receptors re-
rons takes place, we performed a quantitative histologi-quire these two neurotrophins is different. Survival of
cal analysis of myelinated axons in the saphenous nerve.D-hair receptors depends on NT-3 early in postnatal
We found that compared to controls, nerves taken fromdevelopment and NT-4 later in the mature animal. The
NT-4 knockout mice at 5 weeks had slightly fewer axonsage-dependent loss of D-hair neurons in older NT-4
(Figure 1B). This reduction in the total number of myelin-knockout mice was accompanied by a large reduction
ated axons was apparent even though the number of(78%) in neurons positive for the NT-4 receptor (trkB)
D-hair receptors measured physiologically was un-together with neuronal apoptosis in the DRG. This is
changed at this age compared to controls. Thus, in spitethe first evidence that sensory neurons have a physio-
of the normal proportion of functional D-hair receptorslogical requirement for a single neurotrophin for their
at 7 weeks (Figure 1A), myelinated neurons were none-continued survival in the adult.
theless reduced in number.
The early reduction in myelinated axons may reflectResults and Discussion
a survival role for NT-4 earlier in development before
myelinated neurons are specified to become (or differ-Molecular markers that unambiguously identify distinct
entiate into) functional subtypes. However, two recentfunctional classes of sensory neurons are unavailable
studies indicate that NT-4 does not act as a survivalfor nearly all physiologically characterized sensory neu-
factor during embryonic development because the num-rons [8, 9]. Thus, the existence of one functional class
ber of neurons present in the dorsal root ganglion (DRG)of sensory neuron, the D-hair mechanoreceptor, can
was found to be unchanged or even increased at birthonly be shown by electrophysiological methods [10].
[11, 12]. The fact that we observed a small drop in theWe have previously shown that D-hair receptors depend
number of myelinated axons at 5 weeks might indicateon access to both NT-3 and NT-4 for survival. In order to
that NT-4 influences the number of sensory axons thatdetermine the time frame during which D-hair afferents
become myelinated. As reported previously in the ma-depend on these two neurotrophins, we used the in
ture NT-4 knockout mouse [6], all other types of myelin-vitro skin nerve preparation from mouse to obtain a
ated mechanoreceptors were present in normal num-quantitative estimate of the number of D-hair receptors
bers at 7 weeks of age (Table 1).present in the cutaneous saphenous nerve of very young
A similar small loss of myelinated axons was also(2–3 weeks) or mature (5–24 weeks) mice deficient in
observed in nerves from 2–3-week-old NT-3 / miceeither NT-3 or NT-4. To our surprise, we found that
(Figure 1B); some of this axon loss might have included
the previously observed early physiological loss of
3 Correspondence: glewin@mdc-berlin.de D-hair receptors. However, it is also possible that some1These authors contributed equally to this work.
of the early reduction is a result of an early role for NT-32 Present Address: Department of Cell Biology, Neurobiology and
in the embryonic or early postnatal development of theAnatomy, Medical College of Wisconsin, 8701 Watertown Plank
Road, Milwaukee, Wisconsin 53226-0509. DRG [1]. There is indeed substantial evidence that the
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Table 1. Proportions of Physiologically Characterized A Fibers
in NT-3 and NT-4 Mutants
Percent SAM Percent RAM
WT 2–3 weeks 48% (n  11/23) 52% (n  12/23)
NT-3 / 2–3 weeks 45% (n  10/22) 55% (n  12/22)
NT-4 / 2–3 weeks 50% (n  10/20) 50% (n  10/20)
NT-4 / 5–7 weeks 40% (10/25) 60% (15/25)
Among A fibers, the proportion of slowly and rapidly adapting
mechanoreceptors (SAM and RAM) was also measured. The table
summarizes this data from all the groups measured. No significant
differences were observed in the proportion of RAM and SAM in
any of the genotypes examined at the various ages. Interestingly,
this data indicates that a substantial loss of SAM had not yet taken
place in young (2–3-week-old) NT-3 / mice, as has been de-
scribed in the adult [5]. This was perhaps not so surprising because
the morphological equivalent of SAM, the Merkel cell neurite com-
plex, was previously shown to still be in the progress of degeneration
when the mice were 2 weeks of age [5].
Figure 1B). We believe this later axon loss reflects the
selective death of D-hair receptor neurons through pro-
grammed cell death.
During this time we directly demonstrated the pres-
Figure 1. D-Hair Receptors Depend on NT-3 and NT-4 during Post- ence of TUNEL-positive neurons in DRGs taken from
natal Life 8-week-old NT-4 knockout mice (Figure 2E). The total
(A) Graphs show the proportion of A fibers (conduction velocity  number of TUNEL-positive cells found was small (5 cells
10 ms1 or, in 2–3-week-old mice,  8 ms1 [10]) classified as found in 770 sections taken from 4 mice). However,
A-mechanonociceptors (white) or D-hair receptors (black) in wild-
the low number of neurons undergoing apoptosis wastype, NT-3, or NT-4-deficient mice over time. In wild-type mice,
expected. Thus, the axons lost between 7 and 10 weeksabout 35% of the A fibers recorded in the skin nerve preparation
(approximately 50 axons in total) should represent aare consistently found to be D-hair receptors [5, 6, 7, 10, 17]. Com-
pared to control wild-type littermates, young NT-3/mice already minimum estimate of the total number of D-hair recep-
had a reduced proportion of D-hair receptors by 2–3 weeks. The tors normally present in the saphenous nerve. Approxi-
experimenter was always blind to the genotype of the recorded mately 30% of DRG neurons have myelinated axons
mouse. For comparison, data reported in an earlier study of adult
[15]; thus, a 10% loss in myelinated axons from theNT-3 / mice are also plotted [5]. In contrast to results with NT-
saphenous nerve would in the DRG be observed as at3-deficient mice, no loss of D-hair receptors was observed in 2–3-
most a 3% loss in the total DRG neuron number over aweek-old or 5–7-week-old NT-4 / mice. Again, the data from
adult mice (7 weeks old) are plotted for comparison [6]. Data in prolonged period of time in the absence of NT-4 (3–4
all groups were obtained from at least six mice, and n refers to the weeks).
total number of single neurons recorded. To confirm that the loss of functionally defined recep-
(B) Graphs show the quantification of the total number of myelinated
tors and their axons and cell bodies reflects a true lossaxons in the saphenous nerve from NT-3 and NT-4-deficient mice.
of DRG neurons, we took a different approach. We per-Semi-thin sections of the saphenous nerve were prepared as pre-
formed nonradioactive in situ hybridization experimentsviously described, and the total number of myelinated axons was
counted [5–7]. The number of myelinated axons found in nerves with a probe that recognizes mRNA coding for the trkB
from wild-type 2–3-week-old littermate mice was equivalent to that tyrosine kinase receptor, the cognate receptor for NT-4
found in adult wild-type mice [5–7]. A significant reduction (p 0.01 [1]. Since NT-4-dependent D-hair receptors must ex-
in an unpaired Student’s t test) in axon number was found in nerves
press this receptor [7], we hypothesized that substantialtaken from 2–3-week-old NT-3 / and 3–5-week-old NT-4 /
age-dependent loss of trkB-positive neurons must takemice compared to controls. In addition, a further loss of axons was
place during the time that D-hair mechanoreceptors arefound in nerves taken from adult NT-4/mice compared to those
of NT-4 / mice of 3–5 weeks of age. lost. Indeed, when we compared the proportion of trkB-
positive neurons in DRG sections of mature wild-type
mice to those in sections of NT-4 knockout mice, we
observed a substantial reduction (78%) in the numberphenotypic fate of sensory neurons can be modified by
neurotrophin availability in the first two weeks of life [13, of trkB-positive neurons. More interestingly, when we
looked at the number of trkB-positive neurons in 5-14]. However, electrophysiological experiments can be
used to reliably classify sensory neurons only after the week-old NT-4 knockout mice and compared it to that
from mature wild-type mice, there was no discernablesecond postnatal week, in part because the myelination
of sensory axons is still in progress until 2 weeks of difference (Figure 2; but see [11]). About 7% of the wild-
type DRG neurons were clearly trkB positive, in agree-age. In the time period when D-hair receptors become
exclusively dependent on NT-4 (7 weeks), a significant ment with previous work [16]. Our data would therefore
suggest that a substantial proportion of trkB-positiveadditional axonal loss of 10% was observed in the sa-
phenous nerve (i.e., the difference in the number of ax- neurons are D-hair receptors and that they disappear
because of apoptosis triggered by the absence of neuro-ons in NT-4 mutants at 3–5 weeks compared to adults;
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life. Neurotrophin-4 is exceptional in that, unlike other
neurotrophins [1, 20], it is not critical for the embryonic
development of the majority of sensory neurons. This
attribute has allowed us to demonstrate the functional
importance of NT-4 for a physiologically characterized
mature neuronal type: D-hair receptors. The switch in
neurotrophin dependence exhibited by D-hair receptors
is distinct from other examples in which neurotrophins
change their neurotrophin dependence very early in de-
velopment before they are terminally differentiated [21].
This report provides the first evidence that fully differen-
tiated sensory neurons in the adult still may require
access to neurotrophic factors for long-term survival.
The source of the NT-4 is still uncertain because sensory
neurons themselves may synthesize NT-4 ([22] and our
unpublished data). Future experiments that utilize time-
specific or tissue-specific inactivation of other trophic-
factor genes may reveal that the long-term survival of
many classes of peripheral neurons in adult animals
depends on the continued presence of single neuro-
trophic factors.
Experimental Procedures
Knockout MiceFigure 2. Loss of trkB-Positive Neurons and Neuronal Apoptosis in
We used mice heterozygous for deletion of the NT-3 gene andold NT-4 / Mice
homozygous for deletion of the NT-4 gene, respectively. NT-4 and
Representative photomicrographs of nonradioactive in situ hybrid- NT-3 mutant mice were obtained from the Jackson laboratories
ization experiments on DRG sections in which a DIG-labeled probe (Bar Harbor, Maine); the generation of these mice was originally
specific for the cytoplasmic tail of mouse trkB (nt 1165–1489) was described in [23, 24]. Mice with a null mutation of the NT-4 gene
used (see reference [24] for methodological details). (A) In sections are viable and fertile, and we therefore used an appropriate control
from wild-type mice, a small number of neurons were strongly la- strain obtained from the Jackson laboratories (129S3, catalog #
beled with the trkB probe, and (B) the number of trkB-positive neu- 002448). All genotyping was carried out with standard PCR protocols
rons in DRG sections from younger (5-week-old) NT-4 / mice from genomic DNA isolated from tail biopsies, and genotyping was
was similar. (C) However, the number of positive cells in sections performed after experiments were completed and analyzed so that
from adult NT-4 / DRGs was dramatically reduced. (D) Quantifi- experimenters were blind to the genotype of each preparation.
cation of the percentage of trkB-positive cells over many different
sections from two independent experiments is also shown. Note a Electrophysiology
significant reduction of around 78% in positive neurons in adult NT-4 We used an in vitro skin-nerve preparation to record from function-
/ mice compared to controls. In a separate set of experiments, ally single primary afferents in micro-dissected filaments of the sa-
TUNEL-positive cells were detected in DRG sections of 8-week-old phenous nerve as described previously [5, 6, 7, 10]. Once the re-
control and NT-4 / mice. (F) As expected, no TUNEL-positive ceptive field of a single sensory axon had been identified with a
cells were observed in any of the control sections because neuronal mechanical search stimulus, the receptive properties of the unit
apoptosis is not thought to occur normally in the DRGs of adult were systematically examined with a range of quantitative stimuli.
mice. (E) However, occasional TUNEL-positive cells were observed We used a probe fixed to a micrometer to apply sustained force to
in DRG sections taken from 8-week-old NT-4 / mice. The exam- the receptive field for 10 s in order to classify those neurons with
ple shown here was typical, and the positive cell had a clear neuronal a rapidly or slowly adapting response to mechanical stimuli. D-hair
morphology. Sense controls were always clear of staining, and sec- receptor neurons are characteristically activated by extremely low
tions from NT-4 / and controls were always processed on the forces [8], and this attribute together with a slow conduction velocity
same slides for the trkB and TUNEL analyses. (10 m/s) and a large receptive field allows them to be easily identi-
fied. Other myelinated sensory afferent fibers with conduction veloc-
ities between 1.2 and 10 m/s were always found to be A fiber
mechanonociceptors (AM).trophic support in the adult NT-4 knockout mouse. It is
clear that other neurons, e.g., slowly adapting mechano- Histology, TUNEL Assay, and In Situ Hybridization
receptors (SAMs) that respond to BDNF, must also express Histological procedures to quantify the number of axons in the sa-
phenous nerve were carried out as previously described [5, 6, 7,trkB receptors [17, 18]. Because SAMs are unaffected
17]. In situ hybridization experiments to quantify the number of DRGin NT-4 mutants [6], we presume that the remaining
cell bodies that express trkB mRNA were carried out according totrkB-positive neurons in NT-4 mutants are largely SAMs.
protocols described [25]. For the detection of apoptosis, paraffin
Several studies have indicated that the percentage of sections (5 M) of all the DRGs from 5 mice per genotype were
trkB-positive neurons is higher than we report here; dewaxed, permeated with 0.1% Triton X-100, and washed with PBS.
however, many neurons express a low density of trkB TUNEL (TdT-mediated dUTP nick end labeling) staining was per-
formed according to the manufacturer’s instructions (in situ cellreceptors and therefore may not have been scored as
death detection kit, fluorescein, Roche).positive in our experiments [19].
Our approach shows that a subset of sensory neurons
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